The road transportation sector is one of the largest emitters of Greenhouse Gases, which triggered the climate change. Much effort is dedicated to reduce the emissions, highlighting the use of Information and Communication Technologies. In this framework, the ICT-Emissions project has developed the methodology necessary to estimate the effects of ICT-measures on emissions. Based on this methodology, this paper presents the results of the measures tested in the case study of Madrid: Section Speed Control, Variable Speed Limits, Cruise Control, Eco-Driving and Green Navigation. Some of the measures have been analysed with real Floating Car Data, comparing the fuel consumption before and after implementing the ICT-measures. On the other hand, Green Navigation results are based only in simulation. Although the level of analysis is different for each of the tested measures, the results show positive values in terms of CO 2 emission reductions and prove the applicability of the ICTEmissions methodology.
Introduction
Greenhouse gases (GHG) emissions and overconsumption of energy resources represent a global problem, which concerns both their causes and consequences (Ramanathan and Feng, 2009) . Changes in the atmospheric presence of greenhouse gases and aerosols alter the energy balance of the climate system. "Warming of the climate system is unequivocal, as is now evident from observations of increases in global average air and ocean temperatures, widespread melting of snow and ice, and rising global average sea level" (IPCC, 2007) .
The transportation sector is one of the largest emitters despite the advances in the field of engine technology. According to statistics provided by the European Environment Agency (2013), GHG emissions from the road transportation sector have started to decline, but still account for about 93% of the emissions attributable to the transportation sector, and approximately 20.4% of total emissions. The transport sector accounted for 26% of global energy consumption in 2010, and transportation energy use is expected to increase by 1.1% every year from 2010 to 2040 according to the International Energy Outlook 2013 Reference case (Energy Info Administration, 2013) .
In this context, much of the effort dedicated to reducing energy consumption and emissions has focused on the road transportation sector. The European Commission (2009) proposes an integrated policy to tackle the problem from different approaches; these include particularly demand management, a shift to cleaner modes, improving vehicle technologies, traffic management, and the use of information and communication technologies (ICT) . ICT applied to transportation (Intelligent Transportation Systems, or ITS) is a broad field that has the potential for producing positive effects on efficiency, safety, comfort and the environment (European Commission, 2008) .
The ICT-Emissions project methodology
The aim of the ICT-Emissions project (European 7th R&D Framework Programme) is to find a methodology to simulate in detail the effects on CO2 emissions of a number of ICT measures applied to transportation, commonly known as Intelligent Transportation Systems (ITS). Each of the considered ICT measures affects CO 2 emissions differently. From a macroscopic point of view it can be considered that demand, fleet composition and average speed determine the level of emissions (Ntziachristos and Samaras, 2000) . However, taking a detailed look at each vehicle, the processes of acceleration and deceleration and the engine performance are also proved to be critical. Moreover, the areas of application are highly variable and the effects in certain environments may produce undesirable results, causing the need of using models to simulate these effects before investing the large amounts of capitals that in some cases require these measures. Fig. 1 shows the structure of the ICT-Emissions methodology. All this complexity, which determines the measures effectiveness, also causes that the simulation is not a straightforward process. The methodology proposed in the "ICT-Emissions" project is mainly based on the interaction of various simulation models on micro and macro levels. Therefore, the idea is not to create a new simulation software tool, but to join the already existing by developing the necessary links and interfaces. These models include a vehicle control model, traffic model and emissions model (micro and macro levels). The project focuses on the field of passenger cars, also analysing the effects of the ICT measures under different fleet compositions. The main focus will be on the following groups of ICT measures:
1. Driver behaviour change and eco driving. 2. Navigation and travel information. 3. Traffic management and control. 4. Demand & access management. 5. Advanced driver assistance system (ADAS).
The case study of Madrid

Madrid metropolitan area
The city of Madrid is the capital of Spain and of the region with the same name, officially "Comunidad Autónoma de Madrid". The region is located in the centre of the Iberian Peninsula, covers an area of 8,021 km 2 with a population of 6,377,364 inhabitants on January 1st 2015, while the city of Madrid has 3,165,236 inhabitants (Instituto Nacional de Estadística, 2015) .
The road network has a radio centric structure with eight main motorways providing access to the city centre. Other four ring motorways encircle the city of Madrid, connecting the peripheral districts and suburbs. The following figure shows the main motorways and local roads of Madrid metropolitan area.
Data collection campaign
In March and April 2013, the main data collection campaign took place in coordination with the Department of Traffic Technologies of Madrid. This data collection campaign consisted of conducting a representative number of trips through the selected itineraries using floating cars (FCD). With this procedure, it is possible to obtain the fuel consumption and speed profiles. The number of drivers involved was 9. Due to contract limitations, drivers were alumni of Universidad Politécnica de Madrid (UPM) 25 to 30 years old.
Three FIAT passenger cars were involved in this study, a Punto 1.2L gasoline and two diesel variants, Punto and Bravo, with 1.3L and 1.6L engines, respectively. The characteristics of the vehicle were determined inside the ICTEmissions project, taking into account the compatibility of the selected models with the application to record vehicle parameters developed by FIAT.
According to a report of the Madrid Local Government (Dirección General de Sostenibilidad y Planificación de la Movilidad, 2013), 68% of passenger cars are diesel and 31% gasoline. In this sense, the sample is representative of the Madrid fleet composition.
Regarding the vehicle segmentation, these vehicles can be classified in segments small (Fiat Punto) and medium (Fiat Bravo), which corresponds approximately to 75% of the fleet in Madrid. The three vehicles are registered under Euro 5 standards, while the average fleet age in Madrid is 9.3 years (Dirección General de Sostenibilidad y Planificación de la Movilidad, 2013).
The total number of recorded trips was initially 2,250, with results approximately 12,600 km driven. At a first filtering process, 159 trips were eliminated because of recording application failures. The data collection campaign was focused on the M30 motorway and therefore, some of the trips include both motorway and adjacent urban sections. To isolate the different sections, trips were split into urban and motorway trips, summing up a total of 3,072 trips.
The FCD method is used to determine traffic and vehicle parameters based on information collected from onboard devices. Floating cars work as moving sensors and do not require significant investment in instrumentation installed on the roadway. This method provides information about individual travel and driving behaviour, simultaneously complementing the information from other fixed on-road sensors.
For many applications, the speed and GPS information recorded by smartphones may be enough. However, the vehicles participating in this campaign also provided information extracted from the on-board diagnostics (OBD) system.
The methodology included the installation of an OBD key to extract data from each vehicle's OBD system. This was used to record instantaneous position, speed, acceleration, fuel consumption (l/h down to a precision level of five significant digits) and revolutions per minute (rpm). This device is easily installed by the user in the vehicle diagnostic port, and sends the data to a mobile phone via Bluetooth with a frequency of 1 Hz (Fig. 2) . In collaboration with the Department of Traffic Technologies in Madrid, the consortium decided to select four different measures for testing in the Madrid case study. Two measures affect only individual vehicles: eco-driving affects driving behaviour, while cruise control is related to vehicle technology. The other two measures involve traffic control and management and depend on the available ITS installations in the road network. We selected Section Speed Control and Variable Speed Limits on account of their availability for experimentation. Therefore, the data collection campaign was focused on the M30 Motorway sections equipped with these systems and some urban roads. Figure 3 and Table 1 show where the different measures have been tested. 
Section Speed Control
The section speed control (point to point speed control or average speed control) is a measure designed primarily to improve road safety. The license plates of each vehicle entering on a section (usually a section without intersections) are read and stored at the beginning and the end of the section. By measuring the time elapsed, average speed is calculated for each vehicle, proceeding to punish those that exceed the legal speed limit.
In the case study of Madrid, the system was implemented for testing in the East section of the Ring Motorway M30, northbound. The East section corresponds to two separate carriageways per traffic direction: 3 lanes in the central road and 3 or 4 lateral service lanes. The section is limited to 90 km/h and equipped with section speed control system. In the morning peak hour the intensity reaches 11,500 veh/h northbound, producing severe congestion. The speed limit is 90 km/h and the total length is 5.8 km. A total of 489 trips were recorded in this itinerary, 262 of which corresponded to the base case and 226 to the section speed control activated scenario.
Results of FCD
The results of FCD show savings of fuel consumption and therefore CO 2 emissions of 3.8% when the measure is activated.
Variable Speed Limits
Variable Speed Limits (VSL) can be defined simply as speed limit management systems which are time dependant and utilize traffic detectors to determine the appropriate speed. More details about VSL and their effects are summarized on Garcia-Castro and Monzon (2014).The tested section is a 3 lanes motorway (southbound) with traffic intensity in the afternoon peak hours rounding 6,000 veh/h and with a length of 6.6 km. Most of the section is limited to 90 km/h, except the last 100 m., limited to 70 km/h. (tunnel entrance). The congestion is usually caused by the bottleneck situated in the M500 junction, as in peak hour around 2,800 vehicles merge in the M30 with around the 3,300 vehicles already circulating in this road.
Results of FCD
The results of FCD show savings of fuel consumption and therefore CO 2 emissions of 1.9% when the measure is activated.
Results of simulation at micro-level
The traffic simulations have been performed with the software PTV Vissim. Once calibrated the base scenario and set the variable speed limit system in the tool, the results of the traffic simulations have been used as input for the emission model AVL Cruise. Estimated CO 2 savings with respect to the base case scenario are presented in the following table, considering two possible traffic situations: medium and congestion. The results show both absolute and relative CO 2 emissions savings around 1.5%, which are in line with the floating cars measurements.
Upscaling to macro modelling. Results at macro level
Once the micro scenarios have been developed and simulated, the results obtained are used to calculate the new fundamental diagram or speed intensity function to be used in the macro traffic models. In the case of VSL, the new function produces a capacity increase of 16% in the affected road, as shown in Figure 4 .
In the new calibrated function, parameter c varies from 0.85 to 0.99: At a macro level, results in global terms are, though positive, almost insignificant, as expected due to the little area where the measure was implemented compared to the whole region. But when disaggregating these results into road types, we can observe in Figure 5 that this capacity increase produced in the road with Variable Speed Limits activated does not benefit directly this road but allows traffic using other routes to re-route through this road and therefore produce a benefit in CO 2 emissions globally.
These results highlight the need of using a double scale approach to comprehend as much as possible the impacts a measure can produce. 
Cruise Control
Cruise Control is a driver-activated control system that maintains a constant vehicle speed, avoiding unnecessary speed changes which cause additional fuel consumption. This measure is applicable only on high-capacity (uninterrupted) roads when the traffic intensity is relatively low.
The section under study corresponds to a multilane ring motorway, with 3 or 4 lanes and a normal speed limit of 90 km/h and with a tunnel section with a strictly enforced limit of 70 km/h. The length of the section analysed is 21.3 km. Almost 277 km were driven with the system deactivated, and 298 km when the system was activated by the driver.
Results of FCD
The results of FCD analysis show savings of fuel consumption and therefore CO 2 emissions of 4.7% when the Cruise Control is activated.
Eco-driving
Eco-driving can be simply defined as a way of driving that uses less fuel. The characteristics of eco driving are generally easily characterized. It involves following a set of techniques such as upshifting to avoid engine speeds over 2500 rpm, maintaining steady vehicle speed, anticipating traffic, accelerating and decelerating smoothly, and avoiding long idles.
Results of FCD
AS shown on Table 4 , eco-driving has been tested in different itineraries in Madrid, including sections of the urban motorway M-30 and some other urban streets. Differentiating between urban motorway and urban streets, the use of eco-driving techniques saves 8.6% and 7.1% respectively.
Results of simulation at micro-level
In terms of simulation, this implies a complex process of re-calibrating current models in order to reproduce eco driving real behaviour.
The eco-driving behaviour varies the attitude in setting speed and distance to the preceding vehicles. Speed and distance are parameters that influence the speed and density of traffic.
In the case of Madrid, eco-driving has been simulated using the same road section as for Variable Speed Limits, a 3 lane urban motorway with a speed limit of 90 km/h and different traffic levels.
The calibration of the eco-driving behaviour has been performed using the speed profiles obtained from the FCD. Acceleration and deceleration functions and distance between vehicles have been adapted to reproduce the ecodriving behaviour. More information about the calibration can be found on ICT-Consortium (2015) .
A total of 18 scenarios have been considered for micro simulations. More information about this modelling work could be found in García-Castro et al. (2016) . The variables producing this range of scenarios are:
• Traffic level: congested, medium and free flow • Penetration rate: 5-20-25-50-75 and 100%
The results are presented in the following figure. Eco-drivers tend to accelerate and brake smoothly, letting at the same time larger safety distances. These facts reduce the traffic density and, therefore, the capacity, producing longer queues and increasing travel times. Especially at the congested scenarios, the progressive input of eco-drivers produces an increment on stop times.
Relative positive effects can only be found with low levels of traffic and with eco-driving penetration rates smaller than 25%.
Green Navigation
Green navigation implies routing recommendations based on calculation of environmental impact and real-time traffic situation. This means, in practice, people following the route which minimises their emissions. This measure, as affects routes, has to be simulated at a macro level using PTV Visum for the traffic simulation and COPERT for the emission calculation.
Modelling process description
For modelling green-navigation a new transport mode had to be defined in Visum. This new transport mode, green-navigation drivers, has assigned a new impedance function defined in terms of fuel consumption (directly related to CO 2 emissions) instead of the typical impedance function for conventional drivers which is based on time and monetary costs.
A percentage of the light vehicles OD matrices will be assigned depending on the green navigation penetration rate i.e. if a penetration rate 25% of green drivers is considered, the 75% of the OD matrix will be assigned for conventional drivers under the typical impedance function and the rest 25% to green drivers under a impedance function based on fuel consumption. Scenarios A total of 30 scenarios have been considered for emissions calculations, while 15 for traffic results. Variables producing this wide range of scenarios are:
• Traffic level: free flow, medium flow or congested flow • Penetration levels of green drivers: 10-25-50-75 and 90% Fig. 7 . Green Navigation modelling process. In global terms, we can see that results for traffic and CO 2 emissions vary substantially, having a positive impact for low and high traffic situations but not for medium flow. These benefits increase more with lower penetration levels, while with penetration levels over 75% it seems to reach an asymptote. This means drivers following "the greener route" are selecting shorter routes, though this may imply crossing the city centre or selecting a road with lower speed than a highway.
Macro simulation results
But this has a negative aspect, which is the time increase. As length has an important effect in CO 2 emissions, green drivers choose routes similar to the minimum length, even having higher travel times.
Conclusions
After analysing all these previous scenarios, we can conclude that impacts vary not only with the measure itself but of course with the penetration level, and the traffic situation. Therefore, it is not a straightforward process to quantify the expected impacts an ICT measure may have and it needs a clear methodology.
The ICT-Emissions methodology has been tested with real data in the case study of Madrid. The most remarkable case is Variable Speed Limits, as it covers all the different levels of the methodology. It starts with collection of real data based on Floating Car Data, which allows calculating the CO 2 variation when the system is activated compared to base case scenario. However, the savings are calculated based on a limited number of vehicles. In order to analyse what happens to all the vehicles affected by this measure, it is necessary to simulate the traffic at micro level. The output of this model is the input used to estimate the emissions. Going one step further, it is possible to upscale the results to calculate the effects at the whole region. With this case study, the upscaling methodology is proven and it reflects the changes in traffic and emissions.
Other measures such as Section Speed Control and Cruise Control have been only tested using the floating car data in the case of Madrid. However this real data show the potential of these measures to reduce fuel consumption and CO 2 emissions. Related further research should be focused on simulating these measures to analyse the effects in the whole fleet.
Eco-driving is a clear example of negative effects when aggregating individual savings. In this case, high presence of eco-drivers could lead to higher congestion and therefore increase the emissions.
Last measure included in the case study of Madrid is Green Navigation. In this particular case it is not necessary to run the complete methodology, as a macro traffic model can simulate properly how drivers choose different routes according to different preferences. From this exercise we can conclude that measures can be beneficial in terms of CO 2 emission reductions, although producing delays that are probably not accepted by drivers.
In most of the measures, CO 2 emissions decrease is below 3%, which means none of these measures represents a turning point in solving the problem of increasing CO 2 emissions, but combination of them, implemented correctly, may help to tackle it. There is a commitment to reduce EU CO 2 emissions by at least 40% below the 1990 level by 2030, and therefore strong efforts have to be done to find the ways of reducing them without strangling mobility and economic growth. This research proves ICT measures do have a potential for reaching this objective. Therefore, a strong effort in investigating these measures needs to be made, as they have a potential to reduce CO 2 but there are many variables interfering which need to deepen in their knowledge in order to provide assessment to implement them in practice.
